ABSTRACT A balanced microstrip quad-band bandpass filter (BPF) with independently controllable frequencies, controllable fractional bandwidths (FBWs) and high selectivity is designed in this paper. The proposed BPF is achieved by employing two pairs of folded asymmetric stub-loaded resonators (FASLRs) and balanced microstrip/slotline transition structures (MSTSs). The center frequencies of the four differential-mode (DM) passbands can be controlled independently by changing the electrical lengths of each FASLR. A novel interdigital coupled line is firstly proposed to enhance source-load coupling further, which contributes to a higher selectivity. Meanwhile, the DM passbands are independent of the CM responses, which significantly simplifies the design procedure. In addition, eight transmission zeros (TZs) are generated to improve the selectivity of the four passbands obviously. The measured results of the fabricated balanced BPF centered at 2.48/3.45/5.17/5.78 GHz agree well with the simulated ones, which validates the proposed design method well.
I. INTRODUCTION
With the continuous progress of wireless communication technology, such as global positioning system (GPS), wireless local area network (WLAN), worldwide interoperability for microwave access (WiMAX) and mobile cellular systems, multi-band technology has become a research hotspot in recent years [1] - [6] . On the other hand, balanced circuits have attracted substantial attention and have been more and more utilized because of the high immunity to the environmental noise, interference and crosstalk between different elements, compared with the single-end counterparts. To increase the capacity of wireless systems, many researches are focusing on balanced dual/tri-band bandpass filters (BPFs) [7] - [10] . However, to our best knowledge, only one balanced quadband BPF was reported in the past years [11] . The proposed balanced quad-band BPF shows controllable frequencies and intrinsic common-mode (CM) rejection. However, the measured insertion losses at high frequencies are large and the selectivity needs to be improved further.
The associate editor coordinating the review of this article and approving it for publication was Kai-Da Xu. In this paper, a balanced quad-band BPF with independently controllable frequencies, controllable fractional bandwidths (FBWs) and eight transmission zeros (TZs) is designed. The proposed BPF is fed by a pair of U-type balanced microstrip-slotline transition structures (MSTS), which achieves an independent common-mode (CM) response with a larger bandwidth and a superior suppression. Two pairs of folded asymmetric stub-loaded resonators (FASLRs) are introduced to generate four differential-mode (DM) passbands. Meanwhile, a novel capacitive-ended interdigital coupled line is firstly proposed and employed between the two FASLRs to enhance source-load coupling further. In addition, eight TZs are generated to improve the selectivity greatly. Based on the above structure, a balanced quad-band BPF is designed and fabricated. The simulation and measurement results are found to be in a good agreement. Fig. 1 (a) illustrates the configuration of the proposed balanced quad-band BPF, which consists of a pair of balanced MSTSs, two sets of FASLRs and a novel capacitive-ended interdigital coupled line loaded at the middle of two stepimpedance microstrip line. Each balanced MSTS comprises a U-type microstrip feedline and a stepped-impedance slotline resonator. The stepped-impedance slotline resonator is etched on the bottom layer of the substrate and is crossed with the U-type microstrip line on the top layer of the substrate vertically. Meanwhile, the slotline resonator extends about a quarter of wavelength beyond the U-type microstrip feedline to couple with each other. What's more, two pairs of symmetrical FASLRs are employed on both sides of capacitiveended interdigital coupled line on the top layer, respectively, which generate the four DM passbands collectively. Fig. 1 (b) displays the coupling scheme of the DM response of the balanced quad-band BPF described by four paralleled coupling paths, where 1 f represents the fundamental resonant frequency of resonator x and 1 s represents the first spurious frequencies of resonator x (the same below). Fig. 2 shows the electric field in balanced MSTSs under DM and CM operation, respectively, where A-A' is the symmetry plane of the transition structure. When a DM excitation is applied, a virtual electrical wall can be obtained at the symmetric plane A-A'. Through strong magnetic coupling, the DM signals along the U-type microstrip line can be converted successfully into the slotline mode and be transferred to the next structure. Under CM signal excitation, A-A' is equivalent to a magnetic wall, so the mode in the slotline can't be excited, and then the CM signal is blocked. Since the suppression characteristic of balanced MSTS on CM signals is determined by its own boundary conditions and independent of frequency, its suppression is wideband and natural [12] . Thus, only the DM performance is left to be focused in this paper, which significantly simplifies the design procedure.
II. BALANCED QUAD-BAND BPFS

A. INTRINSIC CM SUPPRESSION
B. DM RESPONSE
Traditional microstrip center stub-loaded resonators (CSLRs) consists of a half wavelength resonator and an open stub loaded at the midpoint. Differently, asymmetric stub-loaded resonators (ASLR) introduces an additional resonance mode because the position of center-loaded stub is free. In order to achieve miniaturization, the stubs on both sides of ASLR are folded inward to form FASLR. Fig. 3 (a) and 3(b) gives the schematic diagram of CSLR and the FASLR, in which the length of the folded half-wavelength resonator is L and the loaded stub is L s . The displacement of the asymmetric stub from the center is L d . Equivalent circuit of FASLR is given in Fig. 3(c) . The characteristic admittance of the resonator is Y , the electrical length of the half-wavelength VOLUME 7, 2019 resonator is θ T (θ T = θ 1 + θ 2 + θ 3 + θ 4 ), and the electrical length of the loaded stub is θ 5 , where θ 1 + θ 3 = θ 2 + θ 4 . Now α and β are defined as follows:
where α is defined in accordance with the ratio of the shorter section to total length of the half-wavelength resonator, and β is determined as the radio of loaded stub to the total length of the half-wavelength resonator. According to the transmission line theory, the fundamental frequency and the first spurious frequency of FASLR are determined by appropriately choosing the electrical length ratio α and β [13] . As shown in Fig. 4 , f o2 (the first spurious frequency of FASLR) varies significantly with β while f o1 (fundamental frequency of FASLR) remains almost the same. In this paper, FASLR 1 (FASLR above the interdigital coupled line) is folded up into six sections while FASLR 2 (FASLR below the interdigital coupled line) is folded up into four sections to achieve immensely miniaturization, as shown in Fig. 5 . Therefore, the desired frequencies can be obtained by changing the electrical length of FASLR 1 and FASLR 2 , respectively. Fig. 6 presents the transmission response curve of FASLR, three resonant frequencies are generated within the given frequency range. They are fundamental resonant frequency, the first spurious frequency and the second spurious frequency, respectively. It can be seen that one TZ is generated on the right side of the first spurious frequency, which contributes to higher selectivity at the upper frequency of the proposed balanced BPF. Fig. 7 (a) and (b) shows the conventional interdigital coupled lines, which are widely used in wideband bandpass filters because they can achieve tight coupling and enhance the outof-band performance without affecting in-band characteristics [14] . In this paper, a novel interdigital coupled line is firstly proposed by the combination of the interdigital coupled lines on both sides, as shown in Fig. 7 (c) . Compared with the end-coupling, interdigital coupled line adds multiple transmission paths by etching an interdigital slot on the feedline to realize parallel coupling between the source and load. Therefore, multi-path transmissions are achieved to increase the number of transmission zeros and improve out-of-band suppression. In addition, the novel interdigital coupled line is proposed by the combination of the interdigital coupled lines on both sides, which further improves out-of-band suppression since transmission paths double. In this paper, higher selectivity is obtained by employing the proposed interdigital coupled line between FASLR 1 and FASLR 2 . Fig. 8 (a) shows the S-parameters of no interdigital coupled line, conventional interdigital coupled line and the proposed one, respectively. It is observed that that the proposed interdigital coupled line generates four TZs, including TZ 2 , TZ 4 , TZ 5 and TZ 6 . Meanwhile, evident out-of-band suppression improvement between the four DM passbands is obtained. Fig. 8 (b) shows the S-parameters versus different L p (half physical length of the proposed interdigital coupled line), which indicates that a short interdigital coupled line can achieve a better out-ofband suppression.
C. CAPACITIVE-ENDED INTERDIGITAL COUPLED LINE
D. BALANCED BPF DESIGN
Four DM passbands are generated by employing FASLR 1 andFASLR 2 . Since the characteristics of FASLR have been analyzed above that the resonant frequency of FASLR is determined by appropriately choosing the electrical length ratio α and β. Now α 1 is defined in accordance with the ratio of the shorter section to total length of the halfwavelength resonator of FASLR 1 (the same as α 2 ). β 1 is determined as the radio of loaded stub to the total length of the half-wavelength resonator of FASLR 1 (the same as β 2 ). As shown in Fig. 9 , f 1 (center frequency of the first DM passband, the same below) is determined by α 1 while f 3 can be only controlled by the length of open-stub β 1 . Similarly, f 2 is determined by α 2 while f 4 can only be controlled by the length of open-stub β 2 . Therefore, the four DM center 6 . Except for the above-mentioned four TZs, TZ 1 is generated by the cross coupling between the two slotline resonators. And the position of TZ 1 is determined by the coupling strength between the two L-shaped slotline resonators. TZ 3 is achieved by the source-load coupling between the L-shaped step-impedance microstrip lines. What's more, TZ 7 and TZ 8 are realized because of the intrinsic characteristics of the FASLRs, as analyzed above. The position of TZ 7 and TZ 8 can be controlled by the length of loaded stub of each FASLR.
III. EXPERIMENTAL RESULTS AND DISCUSSION
The substrate used in this BPF is Rogers 5880 with a thickness of 0.8 mm and a relative permittivity of 2.2. The proposed BPF is measured by Agilent network analyzer N5230A. The effective dimension is only 51.9 mm × 40.4 mm (0.58 λ g × 0.45 λ g , where λ g is the guide wavelength at 2.48 GHz). All the dimensions are selected as follows: 
IV. CONCLUSION
In this paper, a balanced quad-band balanced BPF is presented by employing two FASLRs. A novel interdigital coupled line is proposed to further improve the selectivity of the BPF. The proposed BPF can achieve controllable DM center frequencies, high CM suppression and sharp passband roll-off skirts. The measured results of the fabricated balanced BPF centered at 2.48/3.45/5.17/5.78 GHz agree well with the simulated ones, which validates the proposed design method well. Therefore, the proposed balanced quad-band BPF has a good potential to be utilized in the applications for balanced multi-band communication systems. 
